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Introduction
In recent years, models with habit formation 1 have been quite successful in linking consumption with asset prices. In particular, Constantinides (1990) has shown that once a habit is added to the standard model with power utility and lognormal distribution, the equity premium puzzle of Mehra and Prescott (1985) disappears. More recently, Campbell and Cochrane (1995) present a di erent habit formation model that avoids some of the drawbacks of earlier models, such as a high and very volatile risk free rate. See also Weil (1992) for a discussion on how habit formation changes the volatility bounds of Hansen and Jagannathan (1991) . Typically these models specify an exogenously given consumption process and use the rst-order condition of a representative consumer to derive the implication for asset prices. This approach leaves the following question open: How does the consumption path look like when consumers choose consumption optimally in response to some more fundamental shock in the presence of habit formation?
In this spirit we study versions of Hansen's (1985) real business cycle model with shocks to technology and preferences which include habit formation following Campbell and Cochrane (1995) . Consider rst a model with habit only in consumption. One feature of the model is that agents can adjust consumption and labor input in response to technology shocks. We nd that this labor-leisure channel provides an avenue for adjusting to the aggregate shock, enabling the agent to drastically smooth consumption. The intuition is that the habit formation makes the agent (locally) very risk averse, which implies a very low (local) elasticity of substitution. Hence the agents want to smooth consumption extremely, making consumption very unresponsive to shocks. This low elasticity of substitution has also an e ect on the optimal labor choice after a positive technology shock. There are two e ects. First, labor is more productive, hence wages are higher. This induces the worker to work more now to take advantage of the higher wages as long as the technology shock has not died out yet. Second, workers are induced to work less because they earn more per unit worked and the low elasticity of substitution implies that they do not want to adjust consumption by much. Hence, they can reduce their labor input. The sign of the net e ect depends on parameters of the models, such as the persistence of the technology shock and elasticity of substitution for consumption and labor. When the technology shock is very persistent and the intertemporal elasticity of substitution of labor is not too large, we nd that labor input decreases after a positive technology shock. Moreover, the consumption responses are still very small when the persistence of technology shocks is high or risk aversion is decreased.
The key insight is that agents use labor input to smooth consumption extremely. Since the Hansen (1985) model is very restrictive in assuming that labor enters the utility function in a linear fashion, we consider several extensions of the benchmark model. In particular, we allow for a separate habit in leisure. Since agents are reluctant to adjust labor input much when their preferences include a leisure habit, the volatility of labor input decreases substantially. Interestingly, the volatility of consumption is not a ected very much by the leisure habit. When we allow for habits in both consumption and leisure, agents choose to decrease their input slightly after a positive shock causing labor input to move countercyclically. Consumption is still extremely smooth.
Studying the dynamic responses of other real variables, such as output and investment, to productivity shocks reveals that the pattern of the dynamic behavior is not a ected very much by habit formation. Although their volatilities are dampened substantially by habit formation.
After completing an earlier version of this paper, two related working papers came to our attention: Jerman (1993) and Boldrin, Christiano and Fisher (1995) . Both papers consider real business cycle models with habit formation as do we, but they focus on the implications for the equity premium instead of the variability of consumption as in our paper. Jerman (1993) looks at a model where labor input is xed and there are adjustment costs in capital accumulation. He nds that the equity premium is fairly large as long as the adjustment costs are substantial. Boldrin, Christiano and Fisher (1995) study a two-sector model with limited resource exibility across sectors. They nd that the model with habit formation is not able to match the high equity premium in the data even when capital goods cannot be moved between sectors and the labor inputs are predetermined before the shock is realized. Our paper di ers from theirs in several ways. First, they consider a special case of Constantinides ' (1990) habit, which is known to produce a high and volatile risk free rate. We consider the habit of Campbell and Cochrane (1995) which matches the asset pricing data better. Second, we look at a one-sector model while Boldrin et.al. consider a two-sector model. Both papers have in common that agents have to be restricted in their labor, investment and/or consumption choice in order to get a high equity premium or large consumption uctuations. Boldrin et.al accomplish this through rigidities between sectors while we concentrate on the labor market. Third, in the last version of their model, consumption, which is the focus of our study, is essentially determined by the technology shock alone since all substitution between sectors is switched o and labor input is chosen before the shock is realized.
The next section contains the speci cation of the utility function. Section 3 describes the model. Section 4 contains the results for the model with only a habit in consumption, while Section 5 allows for separate habits in both consumption and leisure. In Section 6, we brie y discuss alternative preferences. The last section concludes.
Habit formation following Campbell and Cochrane
The speci cation of the habit in the utility function follows Campbell and Cochrane (1995) . Capital letters denote levels, and small letters natural logs of a variable. Let (X t ) 1 t=0 denote a (stochastic) sequence of habits. X t is a function of past consumption and will be de ned below. De ne a discount factor 0 < < 1 and a curvature parameter > 0. The utility of an individual agent for a stochastic sequence of individual consumption (C t ) 1 t=0 is given by U((C t ) 1 t=0 ) = E 0 :
The stochastic sequence of habits (X t ) 1 t=0 is regarded as exogenous by the individual agents and tied to the stochastic sequence of aggregate consumption (C t ) 1 t=0 as follows (note that we use the same symbol for individual as well as for aggregate consumption, as we are only going to study environments with a representative agent). Let
denote the surplus consumption ratio and s t = log S t its natural logarithm. Instead of specifying how the habit component X t depends on past consumption, Campbell and Cochrane choose specify the surplus ratio S t as a function of past consumption. Of course, the habit can be recovered from (2) for any given S t . Let lowercase letters denote logs, e.g. c t = log(C t ). Let g be the average consumption growth rate, g = E c t+1 ] and let 2 denote the conditional variance of consumption growth, 2 = Var t c t+1 ]. Campbell and Cochrane (1997) assume the the log-surplus ratio is an autoregressive process with the innovation depending on unexpected consumption growth: s t+1 = (1 ? ) s + s t + (s t )( c t+1 ? g); (3) where 0 < < 1 is a persistence parameter, and (s) de nes a sensitivity function which controls how the surplus ratio (and hence the current habit) is a ected by current consumption shocks. Note that habit depends on consumption in the same period, in contrast to, e.g. Constantinides (1990) where habits depends only on past consumption. The AR structure of the surplus ratio implies that the log-habit x t is (approximately) a moving average process of past log-consumption. See Campbell and Cochrane (1997) 
Campbell and Cochrane (1997) use (4) to compute asset prices in an exchange economy. They are able to generate a set of asset pricing relations which are consistent with the data while avoiding some of the problems of earlier habit models. They generate a procyclical variation of stock prices, a countercyclical stock market volatility as well as long-horizon predictability of excess stock returns.
The speci cation of the sensitivity function (s) plays a crucial role for the asset pricing implications of (4). On a priori grounds, (s) can take any form. Campbell and Cochrane (1997) specify (s) so that the riskfree interest rate is constant over time. Hence they use the degree of freedom of choosing (s) to avoid implausibly volatile riskfree rate usually associated with habit formation models. Let S be the steady state surplus ratio, the restriction of a constant riskfree rate implies the following (s) function: (5) if the term under the root is positive and zero otherwise. See Campbell and Cochrane (1997) for a detailed discussion of the properties of (5). In particular. (s) is decreasing in s, hence consumption surprises a ect the habit more if consumption is close to the habit, i.e. in`bad' times. These properties of (s) drive most of the results in Campbell and Cochrane (1997) including the countercyclical price of risk. Campbell and Cochrane (1997) In this paper, we are interested in the macroeconomic implications of habit formation. For aggregate real variables, the particular shape of (s) turns out to be much less important than for asset prices. A non-constant (s) implies that the elasticity of intertemporal substitution (EIS) is changing over time. In macroeconomic models, the EIS determines how reluctant agents are to change their consumption in response to interest changes. It is easy to show that EIS= 1=( ( (s)+1). Using the parameter values in Campbell and Cochrane (1997) the steady state EIS is 1= (20 )). For = 2:37, the value in Campbell and Cochrane (1997) , EIS = 0.02. Hence, consumers with Campbell-Cochrane preferences are extremely reluctant to change their consumption pro le. In Campbell and Cochrane (1997) the EIS is time-varying since is a function of the surplus ratio. However, the movements in , while important for asset prices, are too small to have a major e ect on macroeconomic variables in the context of this paper. The behavior of the macroeconomic variables is almost unchanged when we x at various levels within a plausible range implied by Campbell and Cochrane (1997) (e.g. adding or subtracting one standard deviation from the steady state value of ). Therefore, since we are interested in the role of habit formation on dynamic responses of real variables to exogenous uctuations, we are con dent that nothing is lost for the macroeconomic analysis in the constant case. Hence we x at its steady state value. Substituting for ( s) yields the following process for the log surplus ratio s t+1 = (1 ? ) s + s t + 1 S ? 1 ( c t+1 ? g):
Note that (6) reduces to the no-habit case for S = 1 and s 0 = 0. : (9) Utility is additive in consumption and leisure and we allow for separate habits in both variables. Notation for all variables concerning habits is extended using a c superscript for the consumption habit an an l superscript for the habit in leisure. We use the additive structure in (9) as our benchmark case in order to preserve the asset pricing implications in Campbell and Cochrane (1997) as much as possible. The marginal rate of substitution implied by (9) is unchanged from the original Campbell-Cochrane speci cation (4) hence keeping the successful asset pricing implications intact (given consumption). If utility were multiplicative in leisure, the marginal rate of substitution would be not only a function of consumption but also of leisure. Hence asset prices would be di erent from Campbell and Cochrane (1997) even given the same consumption sequence. We will discuss this alternative below in Section 6. Speci cation (9) is also exible enough to study the relative importance of habit formation in consumption and leisure for the macroeconomic response to productivity shocks. King, Plosser and Rebelo (1988) point out that = 1 is required to obtain a balanced growth path when consumption and leisure are additively (and time) separable. This results extends to habit preferences as in (9). There are several ways to make (9) consistent with a balanced growth path without restricting to unity. A ratio-model replacing C ? X c with C=X c is consistent with balanced growth for general , but it has less appealing asset pricing implications as mentioned in Campbell and Cochrane (1997) . Second, multiplying the term involving C ?X c with q ? t where q t is a sequence that grows at rate g would restore a balanced growth path.
To analyze the dynamic implications, we loglinearize the equations characterizing equilibrium, a technique proposed in particular by Campbell (1994) . The linearized equations can be solved, using the method of undetermined coe cients with the techniques in Uhlig (1995) . The state of the economy is given by the vector k t?1 ; s t?1 ; c t?1 ; z t ]. The solution for this dynamic system is a (linear) vector function f: k t ; s t ; c t ; y t ; n t ] = f( k t?1 ; s t?1 ; c t?1 ; z t ]).
More on the details can be found in the in Uhlig (1995) . Of particular interest for us are the reactions of consumption and labor following a technology shock. Let c and n denote the respective elasticities with respect to technology. Besides these elasticities, we will also report HP-ltered standard deviations as well as cross-correlations for output, consumption, labor and investment.
Habit in Consumption
We start by analyzing the e ect of a habit in consumption on macroeconomic variables. Habit formation in leisure will be considered below. Furthermore, we assume liner disutility in labor as in Hansen (1985) , i.e. = 0. Following Campbell and Cochrane (1997) we choose a steady state value for the surplus ratio S of 5%. In the following tables we vary and the persistence of the technology shocks . We compare the model data to the relevant numbers from the US economy which we take from Cooley and Prescott (1995) . The data is quarterly and covers 1954:I to 1992:II. 2.37 0.95 0.02% 1.09% 0.41% 4.21% 0.32% 1.50% 0.85% 4.98% 47.64 0.95 0.02% 0.88% 0.41% 4.18% 0.12 0.95 0.29% 1.62% 1.02% 5.59% 3.74% 3.66% 3.87% 21.26% 2.37 0.80 0.01% 1.80% 1.46% 6.96% 0.20% 1.96% 1.67% 7.24% 2.37 0.99 0.03% 0.37% 0.99% 1.34% 0.43% 0.96% 0.96% 2.53% 2.37 0.999 0.03% 0.09% 1.39% 0.27% 0.47% 0.76% 0.76% 1.62% Table 1C First, consider the benchmark case, where we have used the benchmark parameters stated in the previous section: = 2:37; = 0:95. A positive 1% shock t moves the technology parameter and therefore output at the steady state values given K t?1 and N t up by 1%. If the agent decided to never change its level of capital and labor, the entire output change would be consumed, resulting in an increase of consumption by 1.36%, compared to the steady state level. 2 The models imply, of course, that the agent will usually not leave his gross investment levels and his labor input unchanged. The e ect on consumption is decreased, if gross investment is increased or if the agent takes the opportunity of higher productivity to enjoy more leisure, i.e. if the labor input is decreased. The rst row of the table lists the actual reaction of consumption in the model with and without habit at the standard parameters. In the model without habit consumption moves up by 0.3% rather than 1.36%. The e ect is more dramatic by an order of magnitude in the model with habit, however. There, consumption moves up by merely 0.02%, not even a tenth of the movement in the model without habit formation. Figures 1 and 2 , which correspond to these parameter choices, show what happens: capital is increased by about the same amount in both models, but the essential di erence is in the labor input. This is con rmed by the fact that investment is only a little lower in the habit case than the no habit case.
Insert Figures 1 and 2 approximately here.
While the agent in the model without habit formation (Figure 1 ) uses the opportunity of increased productivity to work a lot harder to build up capital, the agent in the model with habit formation will do so a lot less. There two reasons for this. First, a habit formation consumer does not like to adjust consumption by much in response to a shock. Since she prefers a at consumption path she chooses to increase her labor input less since she does not need to build up the capital stock as much to sustain the higher consumption as in the no-habit case. Second, habit formation leads to substitution through leisure since it is costly to increase consumption. The tiny reaction of consumption in Figure 2 is no surprise, of course. With the habit formulation, the intertemporal elasticity of substitution is reduced strongly and is locally around the steady state close to S= . 3 Since S = 0:05, this means that a version of the model without habit formation but with = 2:37=0:05 = 47:64 should show a similar responsiveness of consumption to a technology shock, and it indeed does: compare Figure 3 to Figure 1 and row 2 to row 1 in the table.
Insert Figure 3 approximately here.
These results are also re ected by the Hodrick-Prescott ltered series presented in Table  1B . The standard deviation of consumption is too small by an order of magnitude in the model with habit and the benchmark parameter values. Even the model excluding habit produces not enough variation in consumption. The volatility of output is reduced by about half after introducing the habit. The HP ltered volatility of labor is higher in the no habit case as well. Habit consumers increase labor input by less than consumers without the habit since they do not have to build up as much capital to a ord higher consumption in the future. Hence labor input is less volatile over the cycle. As mentioned in the last paragraph, the habit model with = 2:37 behaves approximately similarly to the non-habit model with = 47:64 as documented by the HP ltered volatilities although output and investment are slightly more volatile in the habit-case. Table 1C shows the cross-correlations of output, consumption, labor and investment with = 2:37 and = 0:95 for economies with and without the consumption habit. Interestingly, the correlations of most real variables are not a ected very much by the habit. The crosscorrelation pattern for output, investment, and, most surprisingly, consumption in the habit case are very close to those in the no-habit case. Only labor input di ers substantially. It is generally much weaker correlated with output in the habit case. In particular, the correlations are negative after a lag of two periods. This inconsistent with US data as reported, e.g. in Cooley and Prescott (1995) . We conclude therefore that the habit basically damps the response of, in particular, consumption to a technology shock, but has only a small e ect on the dynamic pattern of the impulse responses of real variables with the exception of labor input..
The low volatility of consumption in the case with habit formation is a serious problem for the model. First, asset premia will be much lower than in the exchange economy studied in Campbell and Cochrane (1997) . Second, the macroeconomic implications are much worse than in the RBC model with standard time-separable preferences. Is it possible to improve the performance of the model? In Tables 1A and 1B we rst decrease the exponent and second, increase the persistence of the technology shock as possible avenues to increase the volatility of consumption. First, consider lowering . Recall that the elasticity of intertemporal substitution EIS is S= . We choose such that the EIS equals 1/2.37 which is the same value as for time-separable CRRA with an exponent of 2.37 (studied in the rst row in Table 1 ). The implied value for is 0.12. As expected, the dynamic behavior of the economy is similar as in the case without habit formation and = 2:37. Initially consumption goes up by 0.27% while labor input increases by about 1%. The HP ltered volatilities are also close to the corresponding no-habit case. Of course, this resolution of the problem is not satisfying for asset prices since a low implies low risk premia.
One may suspect that consumption does not react much in the habit models, since perhaps the shocks are too transitory. Shouldn't it make more sense to raise consumption levels even in the habit model, if productivity changes are permanent? After all, Hall (1978) has taught us that a one per cent increase in permanent income should be accompanied by a one per cent increase in permanent consumption. Thus, we have increased the persistence of the technology shock in rows 6 and 7 of the table to the near unit-root values = 0:99 and even = 0:999. As reported in Table 1A the consumption reaction only increases from 0.2% in the benchmark case to 0.3% for almost permanent shocks. The reason is that in the model with habit, the agent does not expect to change his consumption much in the future. With a permanent increase in productivity, he thus simply takes this opportunity to increase his consumption of leisure. While this e ect is certainly present even without habit, it is even more dramatic in the model with habit. While Hall's logic still holds true, the rise in productivity simply does not correspond to a rise in income. An interesting feature of high persistence of shocks is that the labor input reaction is much smaller than with less persistent shocks. With a risk aversion coe cient of 2.37, n = ?0:04% for = 0:99, and n = ?0:35% for = 0:999 in the model without habit. When a habit is included, the numbers are even more negative. Hence, the persistence of shocks must not be too large when labor input should be procyclical as is suggested by the data. Again, the HP ltered standard deviations con rm the intuition. Increasing the persistence of the technology shock has only a minor e ect on consumption variability in the habit model. However, increasing decreases the volatility of output and investment drastically. This e ect is particularly strong in the habit-case. Hence increasing the persistence of the shock has a negative overall e ect on the performance of the model.
For completeness we also have included the number for less persistent shocks, i.e. = 0:80 (see row 5). The labor reaction is fairly large in both models with and without habit as the agent wants to take advantage of the high productivity as long as it is high. However, the consumption path is not changed by much.
Habit in Consumption and Leisure
Next, we allow for a separate habit in leisure. To conserve space, we only report the results for = 0:95 and = 2:37. The surplus ratios for both habits are set to 5%, as suggested in Campbell and Cochrane (1997) . To cover all possible cases we consider economies with leisure habit but no consumption habit as well as with both habits. Tables 2A-C report the results for three di erent values of the curvature parameter in leisure, . The rst row considers the case of = 2:37, i.e. the same curvature as in the utility of consumption, and no habit in consumption. Figures 4 and 5 report the impulse response functions for the model without and with leisure habit. Figure 4 corresponds to a standard RBC model with additively separable utility in consumption and leisure. The initial reaction of labor is smaller than in the case with linear utility in leisure as considered in Table 1A . Introducing the leisure habit makes the agent more reluctant to adjust leisure (and therefore labor input) than in the no-habit case with the same curvature parameter. Agents increase labor input by 0.17% in the no-habit case compared to 0.01% in the case with the leisure habit. Consumption increases slightly more in the habit case. The reason is that although agents work more initially in the case without leisure habit, they also decrease their labor input by more about three years after the shock. Agents with a leisure habit are more reluctant to adjust their consumption of leisure, as demonstrated in Figures 4 and 5. Investment and capital accumulation is not a ected very strongly by the leisure habit. HP-ltered volatilities for consumption, output and investment are of the same magnitude in both cases. Of course, labor input varies much less in the case with a habit in leisure. case with = 2:37. This implies = 47:64 (recall the argument in the preceding section). The second rows in Table 2A and B show that this economy behaves very much like the economy with leisure habit and = 2:37. Agents are very reluctant to change their leisure consumption after a shock. Finally, we report the results for a leisure habit economy with a lower . As in the preceding section, we choose so that the elasticities of intertemporal leisure substitution equals 2.37, implying = 0:12. We nd that the dynamic response to shocks in this case is very close to the no habit case and = 2:37. In summary, including a habit in leisure has a surprisingly small e ect on the behavior of real variables to a technology shock. Only the response in labor input is much lower than in the no habit case.
Insert Figures 4 and 5 approximately here.
Now we allow for habits in consumption and leisure. We start with setting both curvature parameters, and , to our benchmark values of 2.37. Results with and without leisure habit are reported in the bottom panel of Tables 2A and B. The case without leisure habit is of course close to the model studied in Section 4 (there, we assumed = 0). Introducing the consumption habit has again a major in uence on the reaction in labor which hardly reacts at all after a shock. Note that consumption is slightly more volatile after introducing the habit in leisure. Since agents choose to adjust labor input less in this case, it is optimal for agents to increase consumption a little more, even though they prefer a smooth consumption path since they also have a habit in consumption. However, allowing for a habit in leisure does not change the counterfactually low variability in consumption when we assume a habit in this variable as well. Moreover, it is inconsistent with the procyclical labor input which we observe in the data.
Insert Figure 6 approximately here.
Lastly, we study the economy with a higher of 47.64 as well as a lower value of 0.12. We nd that in both cases, the dynamic response in close to the corresponding cases with and without leisure habit con rming that the result that the habit itself has only a low impact on the behavior of the economy after a shock once the curvature parameter is adjusted.
To complete the analysis, we present the cross correlations for the case with both habits included and the curvature parameters set to 2.37. Compared to the case with only a consumption habit reported in Table 1C , we nd that the autocorrelation of output and investment is hardly a ected by the leisure habit at all. However, the correlation of lagged consumption with output is somewhat lower once the habit in leisure in introduced. The contemporaneous and led correlation of consumption increases in the leisure habit case. The e ect is even stronger for labor input. It is negatively correlated with output at all lags which is grossly inconsistent with the data. Hence habit formation in leisure causes the behavior of labor input over the cycle to be counterfactual.
Alternative preferences
In this section we discuss some possible extensions to the model discussed above. Instead of the additive structure of consumption and leisure in (9) ; (10) where 0 1. We will ignore habit formation for the moment, but it is straightforward to allow for a habit in the composite of consumption and leisure. While the macroeconomic e ects of the multiplicative and additive speci cations have been studied for example in Campbell (1994) , the implications for asset prices are less favorable. The reason is that the marginal rate of substitution for (10) contains not only consumption but also leisure:
In the data, labor input and consumption are positively correlated, hence consumption and leisure are negatively correlated. If > 1, both exponents in (11) are negative. Therefore a negative (conditional) correlation of C and L lowers the conditional volatility of the marginal rate of substitution which in turns lowers asset premia. So the multiplicative preferences have even more counterfactual asset pricing implications than the additive preferences we considered in (9). The same argument holds, of course, if we de ne a habit for the multiplicative speci cation (10). A similar argument holds for preferences in which the habit is de ned over an index which is the sum of consumption and leisure:
U(F t ; X 
where F t = (C t + AL t ) 1= (13) and X f represents the habit. Again the marginal rate of substitution, which prices assets, is a function not only of consumption but also of leisure. Since we intended to study preferences which have been proven to produce sensible asset pricing facts, we restricted ourselves to the additive structure in (9).
Conclusions
In this paper we studied how habit formation in the utility function a ects the optimal responses of consumption, labor input, output and investment to exogenous shocks. We chose the habit formulation of Campbell and Cochrane (1995) because it is able to explain a wide range of asset pricing puzzles when consumption is assumed to be exogenous. We show that once a habit is included in Hansen's (1985) RBC model with adjustable labor, consumption is extremely smooth and unresponsive to shocks. The intuition is that the habit makes the consumer (locally) very risk averse hence lowering the elasticity of intertemporal substitution of consumption dramatically. Since agents can choose their labor input they decide to consume more leisure following a positive technology shock. Thus agents do not have to adjust consumption by much. We consider various extensions to this benchmark model. First, we allow for a habit in leisure. In this case, agents are reluctant to adjust labor input after a shock. The consumption reaction is not a ected much by the leisure habit. Next, we study a model with tow separate habits in consumption and leisure. We nd that agents slightly decrease their labor input after a positive shock causing labor input to be countercyclical. Consumption rises only slightly after the shock. Hence, introducing habit formation in consumption and leisure yields counterfactual cyclical behavior of the RBC model. 
